InAs has previously been reported to be an efficient emitter of terahertz radiation at low excitation fluences by use of femtosecond laser pulses. The scaling and saturation of terahertz emission from a (100) InAs surface as a function of excitation fluence is measured and quantitatively compared with the emission from a GaAs large-aperture photoconductive switch. We find that, although the instantaneous peak radiated terahertz field from (100) InAs exceeds the peak radiated signals from a GaAs largeaperture photoconductive switch biased at 1.6 kV͞cm, the pulse duration is shorter. For the InAs source the total energy radiated is less than can be obtained from a GaAs large-aperture photoconductive switch.
Over the past two decades, high-brightness terahertz (THz) sources have been developed with ultrafast laser sources to excite photoconductive switches, 1 to excite transient currents on semiconductor surfaces, 2 and to excite nonlinear processes in materials. 2, 3 As application areas grow for THz technology, the need for efficient sources is growing.
InAs THz emitters were originally reported to be reasonably efficient sources of far-infrared radiation 4 and have since proven to be relatively bright emitters of THz radiation, especially under the influence of a magnetic field. [5] [6] [7] These studies were carried out at low fluences of the order of a microjoule per square centimeter or less, below the saturation fluence of InAs.
In this paper we investigate the efficiency of InAs as a high-power THz emitter under high excitation fluence. The GaAs large-aperture photoconductive switch (LAPCS) has been used in the past to generate the highest reported conversion efficiency from optical to pulsed THz radiation 8 and has been used as a benchmark for efficiency of THz emitters. 9 In this paper such a GaAs LAPCS is used for comparison to gauge the overall conversion efficiency of InAs. Scaling of emission with excitation fluence and saturation of emission is presented, and a quantitative comparison with a GaAs LAPCS is reported. The experimental setup is shown in Fig. 1 . A regeneratively amplified Ti:sapphire laser system (Spectra-Physics Hurricane) is used as a source, operating at a center wavelength of 800 nm, at a 1-kHz repetition rate, with a maximum pulse energy of 750 J and a pulse width of 130 fs (Gaussian FWHM). The beam is split into pump (92%) and probe (4%) beams by use of a wedged window. The probe is delayed with respect to the pump by an optical delay line, allowing time-resolved mapping of the THz field. A variable attenuator (͞2 plate and polarizer) is used in the pump beam to vary the fluence. The THz radiation from the emitter is collected and imaged onto the detector by four F͞2 parabolic mirrors in an f-2f-f geometry to minimize frequency-dependent focusing effects 10 -12 and allow a direct comparison of emitted THz fields between the two emitters. We use the four parabolic mirrors to attain an intermediate focal plane for testing samples, which is not used for the present study. To detect the THz radiation, the probe is collinearly propagated through a 1-mm-thick (110) ZnTe electro-optic crystal, with the THz field. This induces a polarization modulation, which we analyze using a polarization bridge (͞4 plate and Wollaston prism), with the differential photodiode signal detected with a lock-in amplifier at the optical chopping frequency of approximately 330 Hz. The orientation of the ZnTe crystal is chosen to maximize the electro-optic signal. 13 The GaAs emitter used is constructed on a high-resistivity GaAs substrate (the carrier concentration and hall mobility specified by the manufacturer are n c ϭ 1.5 ϫ 10 Ϫ7 cm Ϫ3 and H ϭ 3890 cm 2 V Ϫ1 s
Ϫ1
, respectively). Silver paint was used to define electrodes with a gap spacing of 0.19 cm and biased at 300 V (1.6 kV/cm). The GaAs emitter is illuminated at normal incidence and the transmitted THz beam is collected. The InAs emitter is a (100) oriented, undoped, n-type InAs sample (n c ϭ 1.9 ϫ 10 Ϫ16 cm
) that is illuminated at a 45-deg angle of incidence. We telescoped the pump beam to a 1͞e 2 intensity beam diameter of 2.85 Ϯ 0.05 mm for both emitters using a pair of lenses as shown in Fig. 1 .
The mechanism responsible for radiated THz fields from (100) InAs at high excitation fluence was recently reported to be primarily a result of surface optical rectification, 14 with only minor contributions from carrier-related effects. We determined this by examining the s-polarized THz emission from the InAs wafer, where the contributions from carrierrelated effects must vanish. Therefore the dominant emission mechanism at high fluences is expected to be optical rectification at the surface. For that case, the maximum radiated THz signal was p polarized and obtained for a p-polarized pump beam, regardless of the sample orientation. In this paper the orientation of the crystal is such that the projection of the p-polarized pump beam on the (100) . The GaAs LAPCS is oriented in a transmission geometry, such that the pump beam illuminates the switch at normal incidence, whereas the InAs sample is unbiased with the bare (100) surface oriented at 45 deg to the pump beam as shown in Fig. 1 . The resultant measured emitted field as a function of the incident fluence is presented in Fig. 2 . The THz signal from both emitters is observed to saturate as the fluence is increased. The radiated field is well described by the simple saturation formula E THz pk ϭ BF͑͞F ϩ F sat ͒, where B is a scaling constant, F is the excitation fluence, and F sat is the saturation fluence. The solid curves in Fig. 2 are the fits of this equation to the data, and the values for B are 294 and 223 V/cm and those for F sat are 29.3 and 9.6 J͞cm 2 for InAs and GaAs, respectively. The value for the saturation flux of the GaAs obtained here is within 30% of the more recently reported results for the saturation flux from a GaAs LAPCS. 9, 15, 16 In our case the GaAs aperture is overfilled. However, in most reports on saturation behavior of the GaAs LAPCS, the pump beam diameter is comparable to the aperture dimension.
From Fig. 2 it is clear that the peak radiated field from the (100) InAs emitter is larger in the saturated regime and reaches a saturated field approximately 30% higher than that for the GaAs LAPCS. In addition, the saturation fluence for InAs is almost 3 times larger than that for the GaAs LAPCS.
With quantification of the scaling of both emitters with excitation fluence, the question of which emitter most efficiently converts optical to far-infrared en- ergy can be examined. We can estimate the total energy in the THz pulses and compute an estimate for the overall conversion efficiency. The method is outlined as follows. The conversion efficiency is defined by
where the estimated THz pulse energy is
Here W represents energy, is the 1͞e (electric field) THz pulse width, A is the area of the THz beam at the detector, E THz pk is the peak radiated THz field, and 0 is the impedance of free space. Detected fields are corrected for Fresnel reflection at the emitter and detector, T R , and system transmission losses T S as |E THz pk | Ϸ |E THz pk | measured T R T S .
We compute the input optical energy by integrating over the emission aperture:
The experimental values used are given in Table 1 . We measured the THz beam waist at the detector for the two emitters by scanning the THz beam laterally across the optical probe beam, which is less than 100 m in diameter, and by measuring the 1͞e THz electric field diameter. The system loss factor was calculated from the transmission spectrum of the optically opaque beam block used to block the laser radiation from hitting the detector, which had a flat frequency response over the bandwidth of both emitters.
Using the values in Table 1 , and computing the conversion efficiency as outlined above, we obtained the results presented in Fig. 3 .
Note that the conversion efficiency for the GaAs is much larger than for InAs because of a larger THz beam waist at the detector and a longer pulse width.
The larger THz beam waist at the detector is likely a result of diffraction from the emitting aperture because of the longer emission wavelengths and the reduced emitting aperture for GaAs compared with InAs. For our GaAs LAPCS, the maximum conversion efficiency, at a bias field of 1.6 kV͞cm, was approximately 1.9 ϫ 10
Ϫ5
, whereas for InAs it was 2.1 ϫ 10
Ϫ6
. The best reported conversion efficiency for a GaAs LAPCS was 1.6ϫ10
Ϫ3 at a bias field of 10.6 kV͞cm. 8 Given that the THz pulse energy scales quadratically with the bias field, 17 then the maximum conversion efficiency expected from our LAPCS at 10.6 kV͞cm would be 0.8 ϫ 10
Ϫ3
, which is a factor of 2 less than reported by You et al. 8 This discrepancy is possibly a result of our not including a group-velocity mismatch in the ZnTe electro-optic detector (thermal detection was used by You et al.) and diffraction losses because of the limited collection angle in our system. The measured frequency spectrum from the two emitters, at an excitation fluence of 1 mJ͞cm 2 , is presented in Fig. 4 , from which it is also clear that the InAs emitter is better suited to producing higherfrequency THz radiation (more efficient above 0.75 THz).
Given that the emitter aperture for the LAPCS is 0.19 cm laterally, and the collection is F͞2, the matching frequency is 0.32 THz for a diffraction- (1)- (4) with measured saturation values. The dashed curve is for the GaAs LAPCS at a 1.6-kV͞cm bias, and the solid curve is for (100) InAs. The data points are from Fig. 2 , with their associated experimental error.
limited beam diffracting from the aperture and exactly filling the F͞2 collection optics, below which we expect the signal will be attenuated. The peak of the measured THz spectra occurs at 0.33 THz (see Fig. 4 ), which agrees well with the expectation for a diffraction-limited beam. Focusing the THz field from a LAPCS with minimal collection angle losses results in a spectrum with a peak at approximately 0.1 THz or less. 15 With larger-aperture GaAs LAPCS emitters measured in our laboratory, we have also observed a peak emission frequency close to 0.1 THz. An approximate estimate of the truncation of the spectrum leading to the 0.3-THz peak emission frequency observed here indicates that approximately half of the emitted radiation is lost because of diffraction losses on the optical components. Thus our observed peak efficiency is consistent with the peak value reported by You et al. 8 It is clear that in this regime the large conversion efficiency for GaAs is a result of energy extracted from the electric bias field and not from the energy in the laser pulse itself.
Although the conversion efficiency for the GaAs LAPCS in Fig. 3 can be scaled to higher bias voltages, the unbiased emission from (100) InAs cannot be scaled further, making it much less efficient at converting optical to far-infrared energy than the GaAs LAPCS. However, the application of a magnetic field at low excitation fluences has been shown to increase the THz emission significantly. In fact, the THz emission power was shown to scale quadratically with the applied magnetic field, 4 saturating above approximately 3 T. 18 -20 The enhancement in the emission has been ascribed to the deflection of the photocarrier diffusion current, causing a larger component parallel to the surface that radiates more efficiently and hence increases output radiation. 5 For the case in which the THz signal is predominantly a result of surface optical rectification, an applied magnetic field would not have the same dramatic effect. We measured the effect of a 0.7-T magnetic field, which results in no more than a 20% change in the peak radiated field when the InAs is excited at a fluence of approximately 1 mJ/cm 2 . Assuming quadratic power scaling with the magnetic field, that portion of the THz field that is increasing as the square of the magnetic field is estimated to produce at most a 1.7 times increase in THz field strength (3 times in power) in the present polarization configuration, for a field of 3T at a fluence of 1 mJ/cm 2 . Since the optimal conversion efficiency is obtained for operation at F sat (see below), the effect of the magnetic field around the saturation fluence is the important parameter. Recent results indicate that above approximately 0.2 J͞cm , the effect of the magnetic field is not as dramatic as at lower fluences. 21 In Ref. 21 , results for an applied magnetic field of ϩ1.6 T amounted to a constant increase in radiated THz power from InAs surfaces of approximately 2 times, above excitation fluences of approximately 0.2 J͞cm 2 . With the reasoning stated above, the expected increase at 1.6 T (based on our observation of an approximate 20% increase in signal at 0.7 T) would be a 1.45 times increase in electric field, or a 2 times increase in power, consistent with that reported by Takahashi et al. 21 Our conclusion is that, although the power radiated from the GaAs LAPCS can be further increased with the application of higher bias fields, the InAs is not expected to be enhanced by more than a factor of 3, even at large magnetic fields. The reason for this is simply that the saturation flux for the emission does not change substantially, nor does the maximum of the radiated field, with the application of a strong magnetic field.
An upper bound on the radiated far-infrared energy from a LAPCS can be estimated, assuming that the maximum radiated field is given by the bias field. Using the results of Darrow et al., 17 in the near field we obtain the peak radiated THz field by
where F sat is the saturation flux. Using Eq. (1) with E excite ϭ AF, with A the area of the emitter that equals the size of the emitted THz beam, we obtain
Also, noting that the maximum conversion efficiency occurs at F sat , using ϳ 1 ps and F sat ϭ 9.6 J͞cm 2 , we obtain an upper bound on the conversion efficiency at E b ϭ 10 kV͞cm of
This is approximately two times bigger than reported by You et al. 8 and four times bigger than reported here. Again, the possible reasons that we observed a lower conversion efficiency may be because we did not include the effects of group-velocity mismatch in the detection crystal and we lost a significant portion of the THz signal outside of the collection angle of the imaging system. It is clear, nonetheless, that the generated THz energies are in the range of the theoretical limit. The magnitude of the emission from an InAs and a GaAs LAPCS emitter was measured as a function of irradiation fluence. Both emitters saturated and could be fit by use of a simple saturation equation, with observed saturation fluences in terms of incident laser fluences of 29.3 and 9.6 J͞cm 2 for the InAs and GaAs emitters, respectively. Correcting the detected peak radiated THz fields for Fresnel and system losses, the peak conversion efficiencies were estimated to be 2.1 ϫ 10 Ϫ6 and 1.9 ϫ 10 Ϫ5 for InAs and GaAs (1.6-kV/cm bias), respectively. By use of the expected quadratic scaling with the bias field up to the breakdown voltage of GaAs of 10 kV͞cm, the efficiency of the GaAs LAPCS can be considerably enhanced relative to that of unbiased InAs and approaches the theoretically expected limit based on the bias field and saturation flux.
